Abstract: To reduce the uncertainty in the calculation of Antarctic solid ice fluxes, the firn depth correction (Dh) in Antarctica is inferred from a steady-state firn densification model forced by a regional atmospheric climate model. The modelled density agrees well with observations from firn cores, apart from a site at the origin of fast flowing West Antarctic ice stream (Upstream B), where densification is anomalously rapid. The spatial distribution of Dh over Antarctica shows large variations, especially in the grounding line zone where large climate gradients exist. In places where the grounding line crosses ablation areas, Dh is zero. Along the remainder of the grounding line, Dh values range from typically 13 m in dry coastal areas (e.g. Dronning Maud Land) to 19 m in wet coastal areas (e.g. West Antarctica).
Introduction
A dry firn layer of variable depth and density covers the interior ice sheets of Greenland and Antarctica. In the absence of significant melting, the steady-state firn densification rate depends mainly on temperature, accumulation rate and wind speed. In Antarctica, the firn density shows large spatial variations owing to the wide range of (near) surface climate conditions (Kaspers et al. 2004 , Li & Zwally 2004 , Zwally et al. 2005 : in the calm, dry and cold interior, densification is slow and the firnlayer thickness can exceed 100 m. In the windier, wetter and milder coastal zone, densification is more rapid and the firn layer can be much shallower, typically 40-60 m. In regions with active katabatic winds and low precipitation rate, the firn layer can be completely removed by snowdrift erosion and/or sublimation, exposing the glacier ice at the surface (Winther et al. 2001 .
The variable nature of the Antarctic firn layer in several ways complicates an accurate assessment of the ice sheet mass balance using the mass budget method. The greatest uncertainty arises in the calculation of the solid ice flux across the ice sheet grounding line (Rignot et al. 2008 , Fig. 1 ). In the absence of direct measurements, ice thickness is usually calculated from surface elevation and a floatation criterion, which equates the mass of the displaced seawater with the added weight of the combined ice/firn column:
where h i , h f and r i , r f are the thicknesses and average densities of the ice and firn layers, respectively, h asl is the elevation of the floating glacier surface above sea level and r sw is the density of seawater (Fig. 1) . The equivalent ice thickness (H i ) is defined as the reduced total thickness obtained by compressing the firn layer until it has the density of glacier ice (900 kg m -3 ). H i can be expressed in terms of h asl by eliminating h i :
where Dh is the firn depth correction, defined as the difference between the combined ice/firn column and the equivalent ice thickness. To convert h asl to H i , Dh must be known at the grounding line. Density profiles from firn cores show typical Dh values ranging between 12 and 20 m. Because medium-deep firn cores that reach the firn-ice transition at 50-150 m depth are relatively scarce in Antarctica and seldom drilled at the grounding line, the spatial distribution of Dh along the grounding line is poorly known at present. As a result, Dh is often assumed constant in ice flux calculations, which introduces a considerable uncertainty. The role of uncertainty in Dh increases with decreasing ice thickness. For a typical ice thickness of 500 m, (h asl % 54 m), an uncertainty in Dh of 4 m introduces a 7.4% uncertainty in the ice flux estimate. This error potentially dominates the total uncertainty in the solid ice flux. Other sources of error are the surface elevation from satellite laser altimetry (uncertainty , 0.5 m or , 1% for this example, if GLAS sensor onboard ICESAT can be used, but , 10 m or 19% for this example if ERS1/2 data must be used, Bamber & Gomez-Dans 2005) and glacier velocity from radar interferometry (, 5% uncertainty in column ice speed, Rignot et al. 2008) .
Here, we use output of a regional atmospheric climate model to drive a steady-state firn densification model so as to obtain the distribution of Dh over the Antarctic ice sheet, including its interpolated value at the grounding line, to reduce its contribution to the uncertainty in ice flux calculations.
Methods

Firn densification model
Steady-state dry firn densification models have been proposed by, among others, Herron & Langway (1980) , Pimienta & Duval (1987) , Kameda et al. (1994) , Arnaud et al. (1998) , Craven & Allison (1998) and Spencer et al. (2001) . Kaspers et al. (2004) tested several of these models for a wide range of Antarctic climate conditions and found good results for the models of Herron & Langway (1980) , Pimienta & Duval (1987) and Arnaud et al. (2000) . The surface density is calculated based on average surface temperature, accumulation and wind speed as modified from Kaspers et al. (2004) . The density model is then integrated downwards from the surface to the depth where the density of glacier ice (assumed to be 900 kg m -3 ) is reached, after which Dh is calculated from the total firn mass and depth of the firn column. We follow the approach of Barnola et al. (1991) , who advocated the use of the Herron & Langway (1980) densification rate expressions from the surface to the first critical density level (550 kg m -3 ), below which the expressions of Pimienta & Duval (1987) are used. We adopt the grounding line definition as used by Vaughan and others (1999) , which is based on the Antarctic Digital Database. The firn densification model is forced over the entire ice sheet using output of a regional climate model at a horizontal resolution of approximately 55 km.
Atmospheric model
The expressions for the surface density and below-surface densification rate require as input values of annual average surface temperature (T s ), accumulation (A) and 10 m wind speed (V 10 ). These fields are taken as 25 year averages (1980 -2004) A cold bias of 2.2 K in modelled surface temperature is corrected prior to the density calculations.
Results
To assess the quality of the modelled density profiles, the directly observed and modelled depths of two critical density levels, 550 and 830 kg m -3 , are compared in Fig. 2 . The first density level represents the transition from settling to sintering as the dominant densification process, the second level is the average pore close-off density. The wide range of depths is well captured by the model. The largest deviations are found for the 830 kg m -3 level in the dry and cold Antarctic interior, where pore close-off depths in excess of 100 m are observed. An outlier in the lower depth range is Upstream B, within the main trunk of Ice Stream B in West Antarctica (Alley & Bentley 1988) . The value of 34 m at Upstream B is the lowest value observed in the dry snow zone of Antarctica. This anomalously rapid densification could be related somehow to the fact that his site is located at the upper part of the ice stream flow. A process that is neglected in the calculations is layer stretching, but this does not appear to negatively influence the results. Fig. 3 ) occur in the periphery of ablation (blue ice) areas in Dronning Maud Land, in the Lambert Glacier Basin and along the Transantarctic Mountains. Figure 4 presents Dh along the grounding line, plotted as a function of longitude (a) and as a frequency distribution (b). The triangles in Fig. 4a show Dh values from all model gridpoints that are intersected by the grounding line; because the climate model grid size is 55 km, the number of such points is relatively small. The small dots represent alternative Dh values that have been bilinearly interpolated from the coarser model grid to the more exact grounding 
Conclusions
The firn correction depth (Dh) in Antarctica is inferred from a steady-state firn densification model forced by climatology from a regional atmospheric climate model. The results show that Dh values show significant variability along the Antarctic grounding line. Incorporating these longitudinal variations of Dh will reduce the uncertainty in Antarctic solid ice fluxes. If an average value of Dh is to be used along the entire grounding line, Fig. 4b suggests that 16 AE 4 m is a reasonable choice.
The modelled density agrees well with observations from firn cores, apart from a site at the origin of fast flowing West Antarctic ice stream (Upstream B), where densification is anomalously rapid. A question that for now remains unanswered is whether the anomalously low Dh value found at Upstream B is also representative for other ice streams in Antarctica. In that case, the Dh values presented could be systematic overestimates. Other refinements that will be included in future versions of the firn model are water vapour diffusion in the firn (likely only of importance in the very dry interior) and enhanced densification due to melting (likely of importance on the coastal ice shelves, where melting occurs regularly). 
